BACKGROUND: Ventilator practices in patients at risk for acute lung injury (ALI) and ARDS are unclear. We examined factors associated with choice of set tidal volumes (V T ), and whether V T < 8 mL/kg predicted body weight (PBW) relates to the development of ALI/ARDS. METHODS: We performed a secondary analysis of a multicenter cohort of adult subjects at risk of lung injury with and without ALI/ARDS at onset of invasive ventilation. Descriptive statistics were used to describe ventilator practices in specific settings and ALI/ARDS risk groups. Logistic regression analysis was used to determine the factors associated with the use of V T < 8 mL/kg PBW and the relationship of V T to ALI/ARDS development and outcome. RESULTS: Of 829 mechanically ventilated patients, 107 met the criteria for ALI/ARDS at time of intubation, and 161 developed ALI/ARDS after intubation (post-intubation ALI/ARDS). There was significant intercenter variability in initial ventilator settings, and in the incidence of ALI/ARDS and post-intubation ALI/ ARDS. The median V T was 7.96 (IQR 7.14 -8.94) mL/kg PBW in ALI/ARDS subjects, and 8.45 (IQR 7.50 -9.55) mL/kg PBW in subjects without ALI/ARDS (P ‫؍‬ .004). V T decreased from 8.40 (IQR 7.38 -9.37) mL/kg PBW to 7.97 (IQR 6.90 -9.23) mL/kg PBW (P < .001) in those developing post-intubation ALI/ARDS. Among subjects without ALI/ARDS, V T > 8 mL/kg PBW was associated with shorter height and higher body mass index, while subjects with pneumonia were less likely to get > 8 mL/kg PBW. Initial V T > 8 mL/kg PBW was not associated with the post-intubation ALI/ARDS (adjusted odds ratio 1.30, 95% CI 0.74 -2.29) or worse outcomes. Post-intubation ALI/ ARDS subjects had mortality similar to subjects intubated with ALI/ARDS. CONCLUSIONS: Clinicians seem to respond to ALI/ARDS with lower initial V T . Initial V T , however, was not associated with the development of post-intubation ALI/ARDS or other outcomes. (ClinicalTrials.gov registration NCT00889772)
Introduction
Many critically ill patients require invasive mechanical ventilation because of acute lung injury (ALI) and its more severe subset ARDS (ALI/ARDS-on-intubation). Patients with established ALI/ARDS benefit from lung-protective ventilation (use of low tidal volume [V T ] ventilation and limitation of plateau pressure). [1] [2] [3] [4] Studies, however, have shown that adoption of low V T in ALI/ARDS, including at academic medical centers, has been variable. [5] [6] [7] [8] [9] [10] [11] The approach to PEEP is even more uncertain. Despite substantial research, there is no consensus about whether PEEP higher than that used in the ARDS Network low-V T trial 2 ought to be instituted in patients with ALI/ARDS. The ALVEOLI trial demonstrated no impact of a higher PEEP strategy on mortality or morbidity. 12 Neither the Lung Open Ventilation Study nor the Expiratory Pressure study showed mortality benefit to using recruitment maneuvers and higher PEEP, although other end points were positively impacted. 13, 14 SEE THE RELATED EDITORIAL ON PAGE 712
Whether or not ventilator-dependent patients without ALI/ARDS should be managed with lower V T remains unsettled, with some studies suggesting that lower V T with limitation of inspiratory pressures may impact patient outcomes such as mortality, ventilator-free days (VFDs), and post-intubation ALI/ARDS. [15] [16] [17] [18] [19] [20] [21] We performed an a priori, pre-specified analysis of a 22-center, international cohort study of patients at risk of ALI/ARDS. 22 Using this cohort, we examined contemporary ventilator practice in patients with and without ALI/ ARDS, seeking to determine: variables impacting administered V T ; whether or not lower V T is associated with post-intubation ALI/ARDS; and the impact of ALI/ARDS (both present on intubation and developing after intubation) on outcomes. We also looked at whether or not clinicians are consistently using lower V T years after publication of the 2000 ARDS Network study showing its mortality benefit. 2 We hypothesized that lower V T ventilation would be associated with less post-intubation ALI/ ARDS.
Methods

Study Design
This is a secondary analysis of the Lung Injury Prevention Study (LIPS), which was a 22 center, observational, cohort study conducted from March to August 2009, approved by local institutional review boards. 22 Nineteen hospitals enrolled patients prospectively, while 3 hospitals collected retrospective data.
Study Subjects
Patients Ն 18 years old admitted to the hospital with Ն 1 risk factor for ALI/ARDS (sepsis, shock, pancreatitis, pneumonia, aspiration, high-risk trauma, and high-risk surgery) were enrolled from emergency departments or operating rooms. Subjects were excluded from the LIPS study if they had ALI/ARDS within 6 hours of assessment, were transferred from an outside institution, died in the emergency department, were admitted for palliation, or were re-admitted during the study period. For this analysis we excluded patients who were either never mechanically ventilated or who received mechanical ventilation for Յ 1 day.
Data Collection
As detailed elsewhere, baseline characteristics, including sociodemographic data, comorbidities, and clinical variables were collected in the first 6 hours of evaluation in the emergency department or hospital admission for high risk elective surgery. 22 For this study the initial ventilator settings and parameters were recorded for subjects whether or not they were intubated because of ALI/ARDS. Set volumes and pressures were collected, regardless of ventilator strategies, when data were available. Additionally, for those who developed post-intubation ALI/ARDS, the first recorded ventilator settings after onset of ALI/ ARDS were noted.
De-identified subject information was entered into a secure, password-protected National Institutes of Health supported Web site (REDCap, http://www.project-redcap.org).
Site investigators were responsible for the quality of data collection according to standardized definitions. Investigators and study coordinators took an online tutorial regarding study definitions and ALI/ARDS assessment. Electronic range checks and validation rules were utilized to eliminate erroneous data entry and numerical artifacts.
Outcomes Measures
The primary outcome was the initial set V T and PEEP on intubation of subjects who never developed ALI/ARDS (never-ALI/ARDS), in subjects intubated because of ALI/ ARDS, and in subjects developing ALI/ARDS after intubation. ALI and the ARDS were defined as per AmericanEuropean Consensus Conference guidelines. 23 Other outcomes included the development of ALI/ARDS among subjects without ALI/ARDS on initial intubation, and hospital outcomes such as mortality and VFDs for 28 days.
Data Analysis
Normality testing was performed using the Kolmogorov-Smirnov test. Continuous variables were compared using the Student t test or the Mann-Whitney test, as per normality testing. Categorical variables were compared using the chi-square test or Fisher exact test. One-way analysis of variance was performed to look for intercenter variation in V T settings. When performed, paired analysis was performed using the Wilcoxon signed-rank test. We defined Ͻ 8 mL/kg PBW as the upper limit for lower V T ventilation, since the ARDS Network low-V T trial allowed liberalization to 8 mL/kg PBW for severe patient discomfort if plateau pressures remained Յ 30 cm H 2 O. Because of uncertainty regarding PEEP, we did not pre-specify "lung-protective" levels. Multivariate analysis was performed using conditional logistic regression, stratified by center to account for center differences. Two models were built. One to examine clinical factors associated with V T Ն 8 mL/kg PBW, and the second to examine the effect of initial V T Ն 8 mL/kg PBW on the subsequent development of post-intubation ALI/ARDS. Variables were included in the model if significantly associated with the outcome on univariate analysis. The LIPS score was not included in the model for predictors for V T of Ն 8 mL/kg PBW because this was not available to the clinicians during the study. Significance was defined as P Ͻ .05. We report 95% confidence intervals, and all tests used were 2-sided. Data are expressed as median and IQR or percentage.
Results
Of 5,992 at-risk screened subjects, 5,584 were enrolled into the LIPS study (Fig. 1) . Of the 5,584, 3,728 patients were never intubated, and 1,027 were intubated for Յ 1 day and were excluded from analysis. Of the remaining 829 ventilated patients, 107 (12.9%) were intubated for ALI/ ARDS, while 722 did not fulfill the ALI/ARDS criteria at onset of mechanical ventilation (no-ALI/ARDS-onintubation) (see Fig. 1 ).
Of those 722 no-ALI/ARDS-on-intubation subjects, 161 (22%) developed post-intubation ALI/ARDS, while 561 did not (see Fig. 1 ). The overall incidence of subjects intubated for ALI/ARDS varied between centers, from 0% to 37%, while the incidence of post-intubation ALI/ ARDS varied from 0% to 68% (P Ͻ .001) (Fig. 2) . Baseline characteristics of subjects are listed in Table 1 , and there were differences in sex, race, and predisposing conditions (aspiration, pneumonia, pancreatitis, sepsis, shock, traumatic brain injury, cardiac surgery, and aortic surgery). Subjects who developed post-intubation ALI/ARDS had a higher severity of illness, as reflected by both Acute Physiology and Chronic Health Evaluation (APACHE II) and LIPS. (Fig. 3) . ALI/ARDS subjects had higher plateau pressure, lower compliance, and a greater likelihood of being managed with lower set V T (7.96 [IQR 7.14 -8.94] mL/kg PBW versus 8.45 [IQR 7.50 -9.55] mL/kg PBW, P ϭ .004) and higher set PEEP (6.5 [5] [6] [7] [8] [9] [10] cm H 2 O vs 5 [5] [6] cm H 2 O, P Ͻ .001) ( Table 2) .
We examined factors influencing the delivery of lower V T (Ͻ 8 mL/kg PBW) to subjects without ALI/ARDS at onset of ventilation (Table 3 ). More severely ill subjects were given lower V T , as reflected by higher APACHE II and LIPS, as were subjects intubated for conditions associated with higher risk of ALI/ARDS such as pneumonia or shock. Subjects on lower V T ventilation were more likely to be male, taller, and less obese, with lower body mass index. Multivariate analysis, after accounting for center variability, confirmed that shorter and heavier subjects received V T Ն 8 mL/kg PBW, while subjects with pneumonia were less likely to receive V T Ն 8 mL/kg PBW (Table 4) . Despite the tendency to administer lower V T to sicker subjects, there was no association between its use and outcomes such as mortality, VFDs, or stay in subjects intubated without ALI (Table 5 ).
In the 107 subjects intubated because of ALI/ARDS, ALI/ARDS occurred 2 (IQR 1-3) days after admission or high-risk surgery. For 161 post-intubation ALI/ARDS subjects, ALI/ARDS occurred 4 (IQR 2-7) days after admission or high-risk surgery, or 2 (IQR 1-4) days after intubation. Among those intubated without ALI/ARDS, initial V T and PEEP did not differ between the 161 who developed post-intubation ALI/ARDS and the 561 who did not (Table 6 ). When adjusted for non-ventilation risk factors, post-intubation ALI/ARDS subjects had higher peak pressure (27) (28) (29) (30) (31) (32) (33) (34) ] cm H 2 O) than never-ALI/ARDS subjects (25) (26) (27) (28) (29) (30) (31) ] cm H 2 O) (P ϭ .01), but there was no difference in plateau pressure (P ϭ .11) or compliance (P ϭ .08). Multivariate analysis, after adjusting for sex, white race, pneumonia, sepsis, shock, cardiac surgery, aortic surgery, LIPS, and APACHE 2 score, did not reveal V T Ն 8 mL/kg PBW to be associated with post-intubation ALI/ARDS (adjusted odds ratio 1.30, 95% CI 0.74 -2.29). Male sex (adjusted odds ratio 2.50, 95% CI 1.31-4.78), LIPS (adjusted odds ratio 1.24/unit increase, 95% CI 1.10 - Fig. 3 . Intercenter variation in initial tidal volume (V T ) settings among all intubated and mechanically ventilated subjects (n ϭ 829), subjects who never developed ALI/ARDS (n ϭ 561), subjects intubated because of ALI/ARDS (n ϭ 107), and subjects with postintubation ALI/ARDS (n ϭ 161). The horizontal lines represent the medians, the tops and bottoms of the boxes represent quintiles 1 and 3, and the whisker bars represent the upper and lower limits. For all the comparisons, P via analysis of variance is Ͻ .003.
1.39/unit increase), and cardiac surgery (adjusted odds ratio 0.21, 95% CI 0.07-0.55) were associated with postintubation ALI/ARDS. Sensitivity analyses comparing postintubation ALI/ARDS in subjects ventilated with Ͻ 6 versus Ն 8 mL/kg PBW, or with Ͻ 6 versus Ն 10 mL/kg PBW, did not reveal association between the use of high V T ventilation and post-intubation ALI/ARDS (P Ͼ .30), but the analysis was limited by the loss of power from the exclusion of patients with V T outside of the comparison groups.
We examined changes in set V T and PEEP among 161 post-intubation ALI/ARDS subjects, before and after development of ALI/ARDS (Table 7) . After development of post-intubation ALI/ARDS, set volumes decreased from 8.40 (IQR 7.38 -9.37) mL/kg PBW to 7.97 (IQR 6.90 -9.23) mL/kg PBW (P Ͻ .001), while set PEEP increased from 5 (IQR 5-6) cm H 2 O to 8 (IQR 5-10) cm H 2 O (P Ͻ .001) (see Table 7 ).
Hospital outcomes in the ALI/ARDS-on-intubation and post-intubation ALI/ARDS subjects were examined. Mortality increased for subjects with either ALI/ARDS or postintubation ALI/ARDS: 16.6% in never-ALI/ARDS versus 24.3% in ALI/ARDS group and 25.5% in post-intubation ALI/ARDS (P ϭ .02). VFDs and stay were influenced by the presence or absence of ALI/ARDS, whether or not subjects were intubated for ALI/ARDS or developed post-intubation ALI/ARDS (Table 8) . Although subjects with ALI/ ARDS and post-intubation ALI/ARDS had similar mortality, the post-intubation ALI/ARDS subjects had significantly fewer VFDs (18 [IQR 12-24] days versus 22 days, P ϭ .005) and longer ICU and hospital stay.
Discussion
In this large, contemporary survey of mechanical ventilation practice, we observed substantial variability in ventilator settings that was not entirely explained by subjects' risk for ALI/ARDS. Post-intubation ALI/ARDS subjects constituted more than half of all ALI/ARDS in this study, with equally poor survival as subjects intubated because of ALI/ARDS, but longer ICU stay and fewer VFDs. Ventilator settings and administration of V T Ͻ 8 mL/kg PBW were not associated with development of post-intubation ALI/ARDS or outcomes.
Lung-protective strategies have been shown to decrease mortality and ventilator utilization in subjects with established ALI/ARDS. [1] [2] [3] [4] Despite this evidence, low V T has not been consistently applied. [5] [6] [7] 10 In our study we found that among subjects intubated for ALI/ARDS, the median V T was 7.96 (IQR 7.14 -8.94) mL/kg PBW. While this is lower than the median of ϳ10 mL/kg PBW from reports in 2000 and 2001, it is higher than the median of 6.8 (IQR 6.1-7.7) mL/kg PBW used by ARDS Network sites in 2005. 5, 6, 24 Additionally, a substantial number of subjects who were intubated because of ALI/ARDS received initial V T Ͼ 8 mL/kg PBW or even Ͼ 10 mL/kg PBW (see Table 2 ). There does, however, seem to be a trend, over time, toward decreasing V T , and we believe that our more recent multicenter study of both academic and community non-ARDS-Network hospitals may better reflect contemporary ventilator practices, as other reports have found that it may take 5-10 years after seminal studies to influence practice. 25 Notably, clinicians in our study seemed to respond to both ALI/ARDS and post-intubation ALI/ARDS by lowering V T and increasing PEEP. Median V T for all invasively ventilated subjects in our study was lower than in a recent European study of intubated and ventilated patients (6.8 versus 8.0 mL/kg actual body weight). 11 Importantly, this occurred without pre-specified ventilator management strategies. Clinicians at each center managed ventilators according to their own standards or guidelines. In addition to subjects with ALI/ARDS, subjects with a high risk of ALI/ARDS (higher LIPS) and those with milder degrees of lung injury (pneumonia) seemed more likely to receive lower V T , although this did not impact development of post-intubation ALI/ARDS. Patient acuity was not the only determinant of ventilator settings. We observed substantial inter-center variability (see Fig. 3 ). This may be due to differences in ICU staffing and provider preference, as suggested by the finding that cardiac surgery subjects were less likely to receive lower V T ventilation. However, we also found that shorter and heavier subjects were less likely to receive V T Ͻ 8 mL/kg PBW, suggesting that providers often ignore height when determining initial ventilator settings, 26 although height, along with sex, is the primary determinant of predicted body weight, and thus V T . Providers may rely on actual body weight, predisposing heavier subjects to higher V T . Studies on obesity and ALI/ARDS have suggested similar practice patterns in other cohorts. 27, 28 Alternatively, initial ventilator settings at many centers may be set at a predetermined default volume, and as we captured set V T immediately after intubation and after development of postintubation ALI/ARDS, we may have recorded volumes not yet modified by clinicians.
Although our hypothesis that less post-intubation ALI/ ARDS would occur with lower V T ventilation (Ͻ 8 mL/kg PBW) was consistent with the findings of a 2010 prospective, randomized study, 15 we did not detect an influence of V T . Three historical cohort studies identified high airway pressures and V T as risk factors for post-intubation [16] [17] [18] In these studies, however, V T (Ͼ 10 mL/kg PBW) and airway pressure (Ͼ 30 cm H 2 O) were higher than in our study, and likely more injurious. The difference between V T and PEEP, in our study, between those receiving what we defined as lower V T ventilation and those who did not, may not have been large enough to influence outcomes.
The lack of effect of V T on outcomes may have occurred due to timely clinician recognition of post-intubation ALI/ ARDS (see Table 7 ). That is, physicians responded by decreasing V T and increasing PEEP when subjects developed ALI/ARDS, thus minimizing differences in outcomes. Alternatively, it may be that 8 mL/kg PBW is sufficiently low to decrease adverse outcomes. Finally, the study may lack power to detect differences in outcomes with regards to ventilator management strategies, as it was not designed with this specific intent. Our study was limited by its observational nature, with inherent indica- tion bias that this epidemiologic study could not assess. The ventilator settings were captured at single points in time, and the number of subjects with available plateau pressure was small. These shortcomings were balanced by its large size, and by its real-world, non-interventional design.
Little is known about the differences between ALI/ARDS and post-intubation ALI/ARDS. Our study showed that post-intubation ALI/ARDS constitutes the majority of cases of ALI/ARDS and that its incidence varies across centers. Although mortality in subjects with post-intubation ALI/ ARDS is similar to that in ALI/ARDS subjects, post-intubation ALI/ARDS subjects had longer stay and fewer VFDs. Why subjects with post-intubation ALI/ARDS have increased resource utilization is not entirely clear, but it is likely that the additional time spent on mechanical ventilation before development of ALI/ARDS may be additive, thus decreasing VFDs and increasing stay. It remains important to better understand factors influencing post-intubation ALI/ARDS, and how they may be manipulated to reduce its incidence. Indeed, a recent population-based study of hospital-acquired ALI/ARDS suggested that the incidence may be reduced with uniform adoption of quality-improvement initiatives aimed at reducing transfusion and V T , and improving sepsis management. 29 
Conclusions
This multicenter, observational study suggests improved, but not ideal, adherence to lower V T ventilation in subjects with and at risk of ALI/ARDS. Although we observed variation in ventilator management related to factors other than patient condition, these were not associated with adverse outcomes. While subjects with ALI/ARDS and post-intubation ALI/ARDS had similar mortality, resource utilization for those with post-intubation ALI/ARDS was increased. Interventions improving adherence to low V T ventilation in ALI and ARDS are needed. Larger, robust, prospective studies examining the role of ventilator settings on the post-intubation ALI/ARDS should be performed. 
